The effect of molecular architecture of a surfactant, particularly the attachment position of benzene sulfonate on the hexadecane backbone, at the decane-water interface was investigated using atomistic MD simulations. We consider a series of surfactant isomers in the family of alkyl benzene sulfonates, denoted by m-C16, indicating a benzene sulfonate group attached to the mth carbon in a hexadecane backbone. The equilibrated model systems showed a well-defined interface between the decane and water phases. We find that surfactant 4-C16 has a more compact packing, in terms of the interfacial area and molecular alignment at the interface, than other surfactants simulated in this study. Furthermore, surfactant 4-C16 leads to the most stable interface by having the lowest interface formation energy. The interfacial thickness is the largest in the case of surfactant 4-C16, with the thickness decreasing when the benzene sulfonate is located farther from the attachment position of 4-C16 (the 4th carbon). The interfacial tension profile was calculated along the direction perpendicular to the interface using the Kirkwood-Buff theory. From the comparison of the interfacial tension obtained from the interfacial tension profile, we found that surfactant 4-C16 induces the lowest interfacial tension and that the interfacial tension increases with decreasing interfacial thickness as a function of the attachment position of benzene sulfonate. Such a relationship between the interfacial thickness and interfacial tension is rationalized in terms of the miscibility of the alkyl tail of surfactant m-C16 with decane by comparing the "effective" length of the alkyl tail with the average end-to-end length of decane. Among the surfactants, the effective length of the 4-C16 alkyl tail (9.53 ( 1.36 Å) was found to be closest to that of decane (9.97 ( 1.03 Å), which is consistent with the results from the density profile and the interfacial tension profile.
Introduction
Surfactants are amphiphilic molecules which have one part that is more soluble in water and another part that is more soluble in oil. When added to an oil-water mixture, surfactant molecules are preferentially adsorbed into the interface, leading to a modification of the interfacial properties such as a decrease of interfacial tension. Surfactants are widely employed in household uses such as detergents, food, and cosmetic technology and in large-scale operations in petroleum recovery. [1] [2] [3] [4] It is important to understand the underlying principle governing interfacial properties of a given system and, thereby, to design the system or the molecular architecture of surfactants for the purpose of optimizing the performance in which we are interested.
Most thermodynamic models based on the Langmuir adsorption have been developed to describe the equilibrium adsorption of surfactants at the oil-water interface. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] In particular, there have been efforts made to link the given thermodynamic models and molecular information, such as the conformation and intermolecular interaction. Fainerman and co-workers 11, 12 have studied the influence of the molecular reorientation of surfactants on the adsorption isotherms by taking into account the conformational dependency of surface area. Blankschtein and coworkers developed a molecular thermodynamic theory for predicting the interfacial behavior of surfactant mixtures that are adsorbed at the air-water 17, 18 or the oil-water interface 19 by combining the two-dimensional nonideal gas model 20 with specific molecular properties such as the number of carbons in the surfactant hydrocarbon tail and the molecular cross-sectional area. In these models, knowledge of the molecular structure and interaction is essential for the quantitative prediction and description of the properties of the interface.
Molecular modeling approaches such as the molecular dynamics (MD) and Monte Carlo (MC) simulations have been extensively used for studying the liquid-vapor [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] and liquidliquid [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] interfaces. These methods, performed on the basis of the molecular interaction and molecular structures, provide atomistic or molecular details of the interface that are potentially useful for the thermodynamic models mentioned previously. However, among these studies, only a few 40, 43, 47, 49, 50 have specifically considered the role of the surfactant at the oilwater interface. Although there have been studies attempting to investigate the dependence of dynamics and morphology of surfactant aggregates on the surfactant structure using coarsegrained modeling techniques, 43, [52] [53] [54] [55] [56] to our knowledge, there has been no systematic study investigating the effect of molecular architecture of surfactants on the interfacial properties, such as interfacial tension and structure, of the oil-water interface.
In this paper, we present a molecular dynamics study on the changes in the decane-water interfacial properties as a function of the structural variable of surfactants. The surfactant molecules used here are a family of hexadecane benzene sulfonate groups denoted by m-C16 (Figure 1 ), which indicates a benzene sulfonate group attached to the mth carbon in the hexadecane backbone. It was reported previously that the interfacial tension (IFT) between water and decane decreases with the addition of surfactants m-C16 and that the extent of IFT reduction changes with m. The maximum IFT reduction is found with 4-C16. 57 Our goal in this study is to analyze how the variation in the molecular architecture of m-C16 surfactants affects interfacial properties such as the local density profile and IFT of the decane-water interface. For this purpose, we characterized the conformation of surfactants, the density profile, and the interfacial tension profile using surfactants 2-C16, 4-C16, 6-C16, and 8-C16.
Model and Simulation Methods
In this simulation, decane was described using the united atom model developed by Smit and co-workers, [58] [59] [60] [61] and water using an F3C model. 62 These force fields were extensively tested and also successfully used in our previous studies. 63, 64 For the surfactant, the benzene sulfonate part was described by the explicit all-atom model using the Dreiding force field, 65 and the alkyl tail part was described by the same united atom model used for decane. The total potential energy is given as follows:
where E total , E vdW , E Q , E bond , E angle , and E torsion are the total energy and the van der Waals, electrostatic, bond-stretching, angle-bending, and torsion-energy components, respectively. The chemical structures of water, decane, and the surfactants are shown in Figure 2 , and their force-field parameters used to calculate the intra-and intermolecular interactions are summarized in Table 1 .
For all of the cases (2-C16, 4-C16, 6-C16, and 8-C16), we simulated model systems consisting of the decane and water phases having two decane-water interfaces (Figure 3a) , which Chemical structure and partial charges of (a) water, (b) decane, and (c) surfactant (4-C16). The superscripts to the left and above the atoms denote the atom types used in Table 1 .
have been widely used for the studies of liquid-liquid interfaces. 35, 39, 42, 44, 50, 51 All of the systems have the same composition: 120 decane molecules, 800 water molecules, and 32 surfactants. To construct this configuration, first, we prepared the monolayer consisting of 16 surfactants on an assumption of hexagonal closed packing in an orthorhombic simulation box with the periodic boundary condition applied to all three spatial directions ( Figure 3b ). Then, we carried out an energy minimization to relax this monolayer of surfactants with the fixedcell dimensions (L x , L y , and L z ). The next step was to prepare the decane and water phases separately using NVT MD simulations based on the experimental densities (at 300 K and 1 atm, 0.725 g/cm 3 for decane [66] [67] [68] [69] and 0.997 g/cm 3 for water [70] [71] [72] ). The cell parameters of the simulation box were set to have the same L x and L y dimensions as the orthorhombic simulation box with the surfactant monolayer. As the final step, we integrated these three phases into one simulation box. Before applying MD simulation to equilibrate this integrated system, we performed an energy minimization to relax the system during which the cell parameters L x , L y , and L z of the orthorhombic simulation box were adjusted to obtain better interaction between the newly jointed phases. Once the initial system was prepared, NVT and NPT MD simulations were sequentially carried out to equilibrate the system. First, a NVT MD simulation was performed for 200 ps at 300 K as a pretreatment for overcoming local minima by imposing thermal energy in a constant volume condition. Then, a final equilibration was done by a NPT MD simulation for 400 ps at 300 K and 1 atm to adjust the system to a more realistic density. To obtain good statistics, we simulated two independent samples for each surfactant case (from 2-C16 to 8-C16) with the NPT MD simulation for 2 ns at 300 K and 1 atm. In addition, we prepared the bare decanewater interface consisting of 120 decane molecules and 800 water molecules without surfactants as a reference for comparison. Here, the kind of concentration with which our simulations are working should be addressed. From the general consensus saying that surfactant concentration at the interface is a function of the concentration in the bulk phase below the CMC (critical micelle concentration) but saturated above the CMC, it seems to be clear that we are dealing with a case in which the bulk concentration is above the CMC, although the finite system size of our simulation does not allow free surfactant in the bulk phases. Therefore, the surfactant concentration and the interfacial properties in our simulations are insensitive to the variation in the bulk phase. Throughout this study, all MD simulations were performed with the LAMMPS (large-scale atomic/molecular massively parallel simulator) code from Plimpton at Sandia (modified to handle our force fields). 73 , 74 The equations of motion were integrated using the Verlet algorithm 75 with a time step of 1.0 
a Qi and Qj are atomic charge of atoms i and j, respectively. Except for water, all atomic charges were calculated from QM Mulliken populations at the level of 6-31G**/B3LYP. The atomic charges for water molecules and for decane are from the F3C model in ref 62 fs. A Nose-Hoover-type thermostat [76] [77] [78] with a relaxation time of 0.1 ps was used to control the temperature, and the pressure was controlled isotropically. 79 The Lennard-Jones potential parameters for the van der Waals interaction of heterogeneous atomic pairs were calculated from the geometric mean of parameters of each atom. The particle-particle particle-mesh Ewald (PPPM) method 80 (accuracy criterion was set to 1.0 × 10 -5 and the near-field cutoff to 15.0 Å) was used for the longrange correction of electrostatic interactions. Figure 3a illustrates a snapshot of the equilibrated structure of the decane-4-C16-water system after a 400 ps equilibration. The volumetric properties were converged from the equilibration since the volume fluctuation from a subsequent 2 ns NPT MD simulation for data collection is less than 1% of the average value. The structures of the other cases are quite similar, and the fluctuations of the cell in each dimension are summarized in Table 2 . A point of interest is that surfactant 4-C16 has the smallest interfacial area (L x × L y ), and this area increases when the benzene sulfonate is attached to a position farther from the 4th carbon, which correlates with the lowest IFT value for the decane-water interface using surfactant 4-C16.
Results and Discussion

Equilibrated System: Surfactant Conformation and Interface Formation Energy.
To characterize the conformations of surfactants at the interface, we calculated the principal moments of inertia of each individual surfactant and the tilt angle between the largest principal moment and the interface normal vector. The results listed in Table 3 are averaged values from the equilibrated 2 ns MD trajectories. A common feature in all of the cases is that the surfactant molecules are packed like cylinders (having one long principal axis of moment of inertia, I 3 , and two smaller, similar valued ones, I 1 and I 2 ) with a tilt angle ranging over 20-27°. It should be noted, however, that surfactant 4-C16 has the largest I 3 /I 1,2 ratio and the smallest tilt angle, indicating that 4-C16 surfactants are aligned more vertically with the smaller molecular cross-sectional area at the interface, while the other surfactants have a 2-dimensionally dispersed conformation with a larger cross-sectional area. This is consistent with the results of the interfacial area in Table 2 . From these results, we conclude that 4-C16 has more compact packing than the other cases have at the decane-water interface.
Next, to compare the energetic stability of each system, we calculated the interface formation energy (IFE) defined as follows:
where E total , E surfactant,single , and E decane-water denote the energies of whole system, the single surfactant molecule that is calculated from a separate 100 ps MD simulation in vacuum at the same temperature, and a bare decane-water system, respectively. The variable n is the number of surfactant molecules (32 in this study). The value of IFE is a measure of the average intermolecular interaction per surfactant molecule arising from the insertion of one surfactant molecule into the decane-water interface. The components necessary for this calculation and the results are summarized in Table 4 . Although each surfactant has almost the same value for the single molecular energy (E surfactant,single ), 4-C16 has the lowest E total and thereby the lowest IFE, implying that the 4-C16-mediated interface is the most stable in terms of energetics. The results also show that molecular interactions between surfactants themselves and between surfactants and solvents are affected by the surfactant molecular architecture.
3.2. Density Profiles. Figure 4 shows the density profiles of each system along the z-axis direction of the simulation box, which were obtained by dividing the system into 1.5 Å thick slabs parallel to the xy plane. From the density profile, it is clear that the system consists of two phases (invariant density with z) with two well-defined interfaces (varying density with z). It should be noted here that the densities of each phase in the decane-surfactant-water system (0.723 ( 0.005 for decane and 0.994 ( 0.005 for water) agree well with those of the pure bulk phase (0.725 g/cm 3 for decane [66] [67] [68] [69] and 0.997 g/cm 3 for water [70] [71] [72] ). This shows that our simulation is sufficiently large for studying a realistic interface between two bulk phases. Another noteworthy point in Figure 4 is that most of the sodium ions stay between the water and the surfactant monolayer (within the average distance of ∼4.0 Å from the sulfur atoms) during a 2 ns MD simulation. The binding of a counterion to an ionic surfactant at the interface has been well-characterized over a wide range of surfactant concentrations, especially above the CMC in experiment 81 as well as theory. 9 Thus, we believe that such a distribution of sodium ions in our simulation in the absence of a background salt concentration is in good agreement with the previous studies.
On the basis of this density profile, we calculated the interfacial thickness between decane and water. As shown in Figure 5 , the density profile obtained from our simulation was fitted using the following hyperbolic tangent function that has 
IFE )
E total -(nE surfactant,single + E decane-water ) n
been used for the liquid-vapor interface. 51, [82] [83] [84] [85] where F i is the density, z 0 is the position of the Gibbs dividing surface, and d is the adjustable parameter related to the interfacial thickness. A common practice for defining the interfacial thickness for the liquid-vapor interface is the "10-90" criterion, 51, 82, 84, 85 which defines the interfacial thickness to be the distance between two positions where the density varies from 10 to 90% of the density of the bulk phase. However, defining the thickness for a complicated interface such as the oil-water interface in the presence of a surfactant is not a trivial matter. Although the density profiles of the oil-surfactantwater interfaces shown in Figure 5 suggest the consideration of two subinterfaces (one between water and the surfactant and the other between the surfactant and oil), the bulk density of the surfactant layer (normally monolayer) is not defined, so it is ambiguous to characterize these two subinterfaces. Thus, we suggest a "90-90" interfacial thickness (t total ) criterion, which is the distance between two positions where the densities of decane and water are 90% of their own bulk densities. Figure  5 illustrates this idea. The interfacial thickness consists of the three components t oil , t water , and t surfactant : t oil and t water are defined as the 10-90 thickness of the decane and water phases, respectively, and t surfactant is calculated as t surfactant ) t total -(t oil + t water ). Thus, the bare decane-water interface does not have t surfactant .
The results of the interfacial thickness analysis are summarized in Table 5 . For the bare decane-water interface (in the absence of a surfactant), we determined the interfacial thickness to be 3.90 Å, which is in good agreement with the measured thickness (4.6 ( 0.2 Å) observed from the synchrotron X-ray reflectivity experiment, 86 the prediction from the capillarywave theory (3.41 Å), 86 and the other MD simulation results (1.99 Å). 51 From the results in Table 5 as well as Figures 4 and  5 , it is clear that the interfaces of components t oil and t water are broadened with the addition of a surfactant because decane and water penetrate into hydrophobic alkyl tails and hydrophilic sulfonate groups, respectively. Interestingly, this interface broadening occurred mainly in the decane side and is strongly dependent on the attachment position of benzene sulfonate in the hexadecane backbone, whereas the water interface was insensitive to the variation of the attachment position. This is attributed to the fact that, while all of the surfactants have the same polar group (benzene sulfonate), the different attachment positions in the backbone give rise to the different effective alkyl tail lengths, which may affect the intermolecular interaction with decane molecules. It is important to note that the interfacial thickness (Table 5) does not vary monotonically as a function of the attachment position: surfactant 4-C16 results in the maximum broadening of the interface of the decane side (t oil ), implying that the alkyl tail part of surfactant 4-C16 has the best miscibility with decane among the other surfactants. Interestingly, it is observed that 4-C16 induces the thickest interface for both t total and t surfactant . This can be explained by considering the packing and conformation of surfactant molecules at the interface as mentioned in section 3.1. In Table 2 , it is shown that 4-C16 has the smallest interfacial area (L x × L y ) and the most extended conformation, which clearly shows that it has the most compact packing at the interface.
On the basis of this definition of the interface and its thickness, the conformation of the alkyl tail of the surfactant as well as that of decane was characterized by investigating their torsion angles. In Figure 6 , we present the ratio of trans to gauche for the torsion angle in the alkyl tail of the surfactant and decane. Note, surfactant 4-C16 has the largest trans/gauche ratio among the cases, indicating that the conformation of the alkyl tail of 4-C16 is more extended than that of the other surfactants. Again, this result is consistent with our previous analysis, concluding that 4-C16 has more compact packing with a small tilt angle and small cross-sectional area. In addition, it is clearly noticeable in Figure 6 that the value of the trans/ gauche ratio of the decane at the interface where the decane phase contacts the surfactant molecules is larger than that of decane belonging to its bulk phase. In particular, it is observed that 4-C16 has the largest ratio for the decane at the interface, and the trans/gauche ratio for the decane at the interface as a function of surfactant architecture is very similar to that for the alkyl tail of the surfactant. It is thought, therefore, that a larger trans/gauche ratio for the decane at the interface rather than at the bulk phase is induced by the conformation of an alkyl tail of the surfactant since the interface is a coexisting phase where the decane molecules are mixed with the surfactants. We infer that the largest ratio for the decane at the interface in the case of 4-C16 also indicates that the 4-C16 surfactant has better miscibility than the other surfactants.
Interfacial Tension.
We calculated the interfacial tension (γ) in our surfactant-mediated decane-water interface normal to the z-axis using its mechanical definition 87, 88 
where P N and P T are the normal and tangential components of the pressure with respect to the planar interface, respectively. P N and P T are the same in the bulk phase because the structure is isotropic in any direction, and they are different from each other only near the interface because the structure can be very anisotropic (e.g., Figures 3 and 4) . P N and P T were calculated from each slab of the simulation box during the simulation as a time average by the Kirkwood-Buff theory 89 where F(z) denotes the density of the slab at z and V slab denotes the slab volume. k B and T are the Boltzmann constant and the absolute temperature, respectively. Angle brackets represent an ensemble average of all atoms located in the slab at z. r ij , x ij , y ij , and z ij are the distances between the atoms and its components, and u(r ij ) is the potential energy of the atomic pair i and j. If atom i belongs to the slab z 1 , the virial contribution of i is added to the P N (z 1 ) or P T (z 1 ). Similarly, the virial contribution of j is added to the virial sum of slab z 2 to which atom j belongs. Figure 7 shows the equilibrated behavior of the interfacial tension as a function of simulation time for the typical case of surfactant 4-C16. The interfacial tension profiles for the systems studied here are shown in Figure 8 . Compared to the interfacial tension profile of the decane-water interface (Figure 8a ) which shows a single peak, there are two distinct peaks at the interface (panels b-e of Figure 8 ) with the presence of surfactant molecules. This indicates that two kinds of subinterfaces exist at the molecular level: one is between oil and the surfactant and the other is between the surfactant and water, as observed in the density profile analysis above. At positions far from the interface, the bulk phase has an interfacial tension value of zero on average. These two peaks are located within the 90-90 interface (between the dashed line and the solid line), determined from the density profile. Furthermore, surfactant 4-C16 has the greatest distance between these two peaks (∼7.5 Å) compared with the other cases (∼4.5 Å), which is similar to the feature of t surfactant (Table 5) . From these results, we believe that the interfacial tension description of the interface with a surfactant is consistent with that of the 90-90 interface from the density profile.
By integrating these profiles, we obtained the interfacial tensions (Table 6 ). First, to validate our calculation of the interfacial tension, we simulated the water-vacuum and the decane-vacuum interfaces which consist of the same number 
of water or decane molecules as used in each phase of the decane-water and decane-surfactant-water interfaces. The calculated interfacial tension at 300 K was 21. ). In addition, the interfacial tension of the decane-water interface without a surfactant was 54.70 ( 3.62 dyn/cm, which is also in good agreement with the experimental value (51.72 dyn/cm). 93 Please note that these values were obtained without adjusting the given force fields (the united atom force field [58] [59] [60] [61] for decane and the F3C force field 62 for water). We believe that our calculated results for the interfacial tension imply that the current force field provides acceptable accuracy for describing the interfacial systems in which we are interested. Figure 9 shows the comparison of the interfacial tension calculated from our simulations with the experimental values 57 in which we found a qualitative agreement: the interfacial tension of the surfactant-mediated decanewater interface is changed as a function of the attachment position of the benzene sulfonate group, and the lowest interfacial tension is observed in the surfactant 4-C16 case. It should be addressed, however, that the interfacial tension reported from the experiment was measured in the presence of 2 wt % isopentanol as a cosurfactant and 0.003 g/cm 3 of NaCl, which is generally known to have the effect of lowering the interfacial tension of the system dramatically. As the effect of other components such as cosurfactants and salt is out of the scope of this study, we focus on capturing the trend of the interfacial tension along the molecular architectural variation of the surfactant.
Effective Alkyl Tail Length.
The consistent results from the analysis of the density profile and the interfacial tension profile indicate that the decane-water interface in the presence or absence of a surfactant was successfully described in our simulation. Nonetheless, one important question still remains to be answered: why does the 4-C16 surfactant result in the lowest interfacial tension among other surfactants? As a first step toward answering this question, we find that the 4-C16 surfactant induces the maximum interfacial thickness broadening compared to the other surfactants. This interesting feature is summarized in Figure 10 , showing that there is strong correlation between the interfacial thickness and the interfacial tension. Since all the surfactants have the same architecture of benzene sulfonate as a polar pendant group, we may infer that the maximum broadening (between decane and the alkyl tail (t oil ) and, thereby, between decane and water (t total )) induced by 4-C16 is a result of the better miscibility of the alkyl tail of 4-C16 with decane compared to other surfactants. In this situation, the better miscibility of 4-C16 (with decane at the interface) does not seem to be explained only by the intermolecular interaction (since all of the surfactants have the same kind of alkyl moiety as the decane does), and the only difference among the surfactants, from 2-C16 to 8-C16, is the attachment position of the benzene sulfonate group. Instead, the more plausible explanation is to consider the size similarity of surfactant with decane, which was inspired by the simple idea that decane has better miscibility with itself than it does with any other alkane homologues such as hexane, octane, and so forth. For this purpose, first, we defined the alkyl tail length as the distance between the backbone ends and the carbon on which the benzene sulfonate group is attached. For each surfactant molecule, there are two tail lengths in one surfactant molecule: one is r long , and the other is r short , as shown in Figure 11 . The different attachment position gives rise to the different alkyl tail lengths (e.g., 2-C16 has two asymmetric tails, whereas 8-C16 has almost symmetric ones). Next, we define the "effective" length ( Figure 11 ) to be the difference between r long and r short . This is because the effective tail length of the surfactant which contacts the decane molecules may not be necessarily the same as r long or r short . In other words, in the surfactant layer at the interface, a certain space of longer alkyl tails close to the attachment point (C attach in Figure 11 ) may not be accessible due to the steric hindrance from the shorter tail. Therefore, the effective tail length (r effective ) is closer to the true length of the alkyl tail that is accessible for decane (solvent) although its degree of freedom is not completely the same as the free alkane molecule. Table 7 summarizes the statistical values of the alkyl tail lengths. It should be mentioned that for the case of 8-C16 which has nearly symmetric tail lengths, r long and r short are suitable for comparison with other cases because the two tails have similar length and neither of them has a dominant role for mixing with decane. Remarkably, r effective of surfactant 4-C16 is almost the same as the end-to-end length of decane, and all of the other lengths are farther from the length of decane. We believe that this argument rationalizes the reason that surfactant 4-C16 has the lowest interfacial tension and the largest interfacial thickness. This argument seems to be related to the influence of the alkyl tail length on the mixing entropy at the interface, and we leave its quantitative assessment for future study.
Summary
Using MD simulations, we studied the effect of molecular architecture of a surfactant at the decane-water interface as a function of the attachment position of benzene sulfonate on the hexadecane backbone. For this purpose, we prepared the equilibrated model systems which consist of decane, water bulk phases, plus a surfactant layer at the interface.
The system with surfactant 4-C16 is found to have the smallest interfacial area (L x × L y ) compared with the other surfactants, and the equilibrated molecular conformation of 4-C16 was aligned more vertically with the largest ratio of principal axis length of moments of inertia (I 3 /I 1,2 ). These results show that 4-C16 has more compact packing at the decanewater interface than do the other cases. The interface formation energy was the lowest for the 4-C16-mediated interface.
The density profiles show that the decane and water bulk phases have their own bulk density, indicating that the system size is fairly large enough to describe the interface between bulk phases. Using the 90-90 interface, the interfacial thickness of the bare decane-water interface is found to be in good agreement with experimental observation. It is also observed that the interface thickness of decane (t oil ) varies as a function of the attachment position of benzene sulfonate, while the water interface was not affected by such structural variation. From such thickness analysis, we found that surfactant 4-C16 results in the maximum interfacial broadening effect among the surfactants, and the interfacial thickness decreases as the attachment position is located farther from the fourth carbon. The reason might be that the alkyl tail of 4-C16 has better miscibility with decane than the other surfactants since the interfacial thickness is broadened as the miscibility increases. The interfacial tension profile was calculated along the z-axis direction (perpendicular to the interface) using the KirkwoodBuff theory. In each bulk phase for decane and water, the interfacial tension profile showed a value of zero, indicating that the pressure difference (P N -P T ) exists only at the interface because of the structural anisotropy. On the contrary, where the decane-water interface has a single peak, the surfactantmediated interface has double peaks, which means that the actual interface consists of two subinterfaces at the molecular level: one for the decane-surfactant and the other for the surfactantwater. The values of interfacial tension were calculated by integrating the profiles along the z-axis direction. Through the comparison among the surfactants, we found that surfactant 4-C16 induces the lowest interfacial tension, and the IFT increases as the attachment position is located farther from the fourth carbon. Therefore, there is a correlation between the interfacial thickness and the interfacial tension: the interfacial tension decreases as the interfacial thickness (or the miscibility) increases.
To rationalize the difference in the miscibility of m-C16 with decane in terms of the size similarity, we introduced the effective length of the alkyl tail of each surfactant as the difference between the average length of the long tail and of the short tail and compared with the end-to-end length of decane. The effective length of the 4-C16 alkyl tail (9.53 ( 1.36 Å) was remarkably closer to that of decane (9.97 ( 1.03 Å) than to those of the other surfactants, which is consistent with the results from the density profile and the IFT profile.
